Estudio del efecto de los ácidos grasos poliinsaturados de la dieta: Mecanismos moleculares involucrados en la inflamación intestinal.
INTRODUCTION
Traditional nutrition research has dealt with metabolic and physiological responses of the body to nutrients and has focussed on nutrient deficiencies in health and disease. Driven by the advances in molecular biology, biochemistry and genetics, nutrition research has more recently shifted its focus to genotype-based, personalised nutrition to maintain an individual's health and prevent diet-related diseases (Kussmann et al., 2006) . The research field of gene-nutrient interactions investigates molecular effects of foods and food components with the use of "omics" technologies. These have the potential to define how nutrition influences metabolic and homeostatic pathways, how diet regulates genes in diet-related diseases and to what extent an individual's genetic background contributes to these diseases (Müller and Kersten, 2003; Bünger et al., 2007) or other phenotypes.
Chronic intestinal inflammation is a hallmark of Inflammatory Bowel Diseases (Crohn's Disease (CD) and Ulcerative Colitis (UC)), which together affect over 3.5 million people worldwide (Bassaganya-Riera and Hontecillas, 2006) . Northern Europe and North America have reported the highest incidence rates and prevalence (Torres and Rios, 2008) . CD is a condition for which genetic and dietary factors are known to predispose individuals (Podolsky et al., 2002) , is immunologically mediated, and is characterized by destruction of the intestinal mucosa (BassaganyaRiera and Hontecillas, 2006) . In New Zealand, 3075 new CD cases (representing the total number in the small and/or large intestine, and cases of unspecified or regional enteritis) have been The use of "omics" technologies, together with a range of simplified model systems and molecular tools, allow us to better understand the basic molecular mechanisms of how foods and food components may ameliorate or prevent a phenotype, e.g. disease (Müller and Kersten, 2003) . Accumulating evidence in humans and in animal models shows a beneficial effect of long-chain polyunsaturated fatty acids (PUFA), particularly n-3 PUFA, for a variety of inflammatory diseases (Stulnig, 2003) , and these molecules may therefore prove to be of benefit for people with either UC or CD. n-3 PUFA have been shown to modulate the expression of genes that code for proteins involved in inflammation, lipid metabolism and energy utilization (Deckelbaum et al., 2006) . This review will provide an overview of the current knowledge on the effects of the two major classes of PUFA, n-3 and n-6 PUFA, on intestinal inflammation as determined using animal models and human studies. The mechanisms whereby n-3 and n-6 PUFA modulate gene expression involve multiple metabolic pathways and cross-talk between genes controlling lipid homeostasis, and the existing knowledge will be presented.
Study of the effects of dietary polyunsaturated fatty acids: Molecular mechanisms involved in intestinal inflammation
By
POLYUNSATURATED FATTY ACIDS, INFLAMMATION AND IMMUNE RESPONSE
PUFA modulate multiple processes including innate and acquired immunity, infectious pathologies due to bacteria and the course of chronic diseases such as inflammatory diseases (Calder, 2003; Mutch et al., 2005) . The two major classes of PUFA, n-3 and n-6, are named after the first unsaturated carbon in the double bond. These two PUFA families, along with their precursors ␣-linolenic acid (18:3n-3) and linoleic acid (18:2n-6) , are essential and must be derived from the diet. Linoleic acid (n-6) is the major PUFA in Westernized diets, followed by ␣-linolenic acid (n-3) (Schmitz and Ecker, 2008) . The major sources of linoleic acid are vegetable oils such as corn, safflower, soybean and sunflower oil, whereas ␣-linolenic acid can be mostly found in linseed oil, rapeseed, walnuts and blackcurrant oil, but also in dark green leafy plants (Dommels et al., 2002) .
Linoleic acid and ␣-linolenic acid are metabolized in mammalian cells by desaturase and elongation enzymes (Figure 1 ). Linoleic acid is converted to ␥-linolenic acid and dihomo-␥-linolenic acid to form arachidonic acid (AA; 20:4n-6) (Schmitz and Ecker, 2008) . AA is the major n-6 PUFA and dietary linoleic acid is the main source of tissue AA, although dietary AA is also found in lean meats and meat fat (Dommels et al., 2002) . The n-3 fatty acid ␣-linolenic acid is converted to stearidonic acid and eicosatetraenoic acid, then further converted to eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-GRASAS Y ACEITES, 60 (1), ENERO 
Figure 1 Metabolism of n-3 and n-6 PUFA (created from information in Mills et al., 2005 and Ecker, 2008) .
COX, cyclo-oxygenase; LOX, lipoxygenase.
3). EPA and DHA are the major n-3 PUFA sources in marine fish such as salmon, tuna, herring, mackerel and anchovy (Dommels et al., 2002) . AA and EPA can be further metabolized to more highly polyunsaturated fatty acids or activate a series of lipid mediators as shown in Figure 1 (Schmitz and Ecker, 2008) .
PUFA-derived mediators
Inflammation and inflammatory responses are part of the normal, innate immune response as long as they occur in a controlled manner. Inappropriate inflammatory responses are characterized by upregulation of adhesion molecules and subsequent induction of leukocyte movement into sites of inflammation, production of inflammatory mediators and host tissue damage (Calder, 2006) . Eicosanoids generated from 20-carbon PUFA (n-6) are the key link between PUFA and inflammation. Inflammatory cells usually contain high amounts of n-6 AA and low amounts of other 20-carbon PUFA such as EPA. High amounts of interleukins and the pro-inflammatory eicosanoids produced by AA metabolism (and released from membrane phospholipids) have an important role in the early phase of inflammatory activation (Simopoulos, 2002; Calder, 2008) . AA can be converted to series-2 prostaglandins (PG) and thromboxanes (TX), series-4 leukotrienes (LT), to several hydroperoxyand hydroxy-eicosatetraenoic derivatives, and to lipoxins.
Cyclo-oxygenases (COX) and lipoxygenases (LOX) are enzymes that catalyze these conversions (Figure 1 ). EPA is converted to series-3 PG and TX eicosanoids, series-5 LT, and to several hydroperoxyand hydroxyeicosapentaenoic derivatives and resolvins.
Overall, mediators derived from EPA and DHA have anti-inflammatory properties while mediators formed from AA exert mostly pro-inflammatory or other metabolic effects (Table 1) . These lipid mediators have been and are still studied in order to understand their pro-or anti-inflammatory actions (Bannenberg et al., 2007) .
The theory that n-3 PUFA show antiinflammatory effects by competing with the incorporation of AA into membrane phospholipids, replacing it and thereby blocking the production of pro-inflammatory eicosanoids (especially PGE 2 and LTB 4 ), has long been established (Serhan and Chiang, 2008) . The AA-derived PGE 2 has anti-and pro-inflammatory modulation effects. It can induce COX2, and in this way induces its own synthesis and the production of the pro-inflammatory cytokine IL6 in macrophages. In contrast, PGE 2 inhibits 5-lipoxygenase to decrease the production of proinflammatory 4-series leukotrienes and can induce 15-lipoxygenase to form anti-inflammatory lipoxins (LX) (Schmitz and Ecker, 2008) .
Lipoxins belong to a new family of PUFA-derived lipid mediators, including AA-derived aspirintriggered lipoxins; EPA-derived resolvin E-series (RvEs); DHA-derived resolvin D-series (RvDs) and protectins, which serve as endogenous agonists controlling inflammation by stimulating resolution (Serhan and Chiang, 2008) . Bannenberg (2007) defined resolution as an essential part of the acute inflammatory response including the formation of pro-and anti-inflammatory and pro-resolution lipid mediators. These mediators serve as ligands to activate specific receptors and thus play an important role in the progression of the normal inflammatory response (Bannenberg et al., 2007; Serhan and Chiang, 2008 Resolvins RvE1 Anti-inflammatory RvE2 inflammation contributes to molecular events that remove inflammatory cells and restore tissue integrity (Bannenberg et al., 2007) .
LXA 4 exerts potent anti-inflammatory effects mediated through the activation of a specific Gprotein coupled lipoxin receptor and activates receptor-mediated molecular pathways to counterregulate acute inflammation (Bannenberg et al., 2007) . Resolvins are oxygenated products derived from EPA and DHA and were first identified during the resolution phase of acute inflammation. The EPA-derived resolvin E1, shows anti-inflammatory actions by binding to a G-protein coupled receptor to inhibit nuclear factor-B (NFB) activation and thus block the synthesis of pro-inflammatory cytokines and chemokines (Bannenberg et al., 2007, Schmitz and Ecker, 2008) . RvE1 receptor is also expressed in gastrointestinal tissue (Bannenberg et al., 2007) .
Immunomodulatory mechanisms
From early studies of patients with IBD a link between PUFA, the immune system and pathogenesis of CD was suggested. These studies reported decreased concentrations of n-3 PUFA in plasma phospholipids (Sheehan et al., 1992) and in adipose tissue (Geerling et al., 1999) and also decreased serum concentrations of total n-3 PUFA in IBD patients compared with control patients (Kuroki et al., 1997) . The loss of n-3 PUFA increases the n-6:n-3 ratio, which implies the production of more pro-inflammatory eicosanoids.
Several aspects of the immunomodulatory effects of PUFA in intestinal inflammation have recently been investigated, e.g. the role of PUFA in modulation of pro-and anti-inflammatory eicosanoids, membrane fluidity, signal transduction, antigen presentation, gene expression and gastrointestinal flora (Mills et al., 2005) . Mills et al., (2005) reviewed studies in humans and animals which reported that dietary n-3-rich fish oil supplementation decreased AA levels in the membrane as AA was replaced by n-3 PUFA. As a result of the competitive inhibition of AA metabolism, less pro-inflammatory eicosanoids are produced by AA. Immune cells, such as macrophages, are the main source of eicosanoids. Prostaglandins, for example, can suppress T lymphocyte proliferation, T cell-mediated toxicity, IL2 production and natural killer cell activity in vitro (Goodwin and Ceuppens, 1983) . Thus eicosanoids act directly on immune cells and are modulated themselves by PUFA (Mills et al., 2005) .
PUFA have an important role in membrane structure. Incorporation of PUFA into membrane lipids increases membrane fluidity and affects the conformation of membrane protein complexes. Some membrane-bound enzymes and receptors are sensitive to the particular fatty acids that surround them (Mills et al., 2005) . There are also membrane regions (the so-called lipid rafts) containing cholesterol, sphingolipids and signalling molecules, where signalling events can take place (Stulnig, 2003; Mills et al., 2005) . Dietary n-3 PUFA are able to decrease the sphingomyelin content of lipid rafts in vivo. Displacement of acylated proteins from membrane lipid rafts is seen with EPA but to a lesser extent with AA and could be due to altered protein acylation after PUFA incorporation or changes in lipid raft composition (Stulnig, 2003) .
PUFA are involved in many intracellular signal transduction pathways in immune cells, specifically in T and B-lymphocytes. Long chain fatty acids can modulate signalling pathways and target gene expression by reciprocal modulation of the activation of Toll-like receptor 4 (TLR4) and its downstream signalling pathways. They suppress NFB activation and COX2 expression that are inducible by a TLR2 agonist in macrophages. Different types of fatty acids modulate different TLR molecules, suggesting a modulatory role for dietary fatty acids in immune and inflammatory responses by TLR activation in the intestine. Changes in dietary fat composition could modulate signalling pathways downstream of TLR molecules, as well as targeting gene expression and subsequent cellular responses (Mills et al., 2005) .
In vitro and in vivo experiments suggest that the immunomodulatory mechanism of n-3 PUFA might occur via modulation of antigen-presenting cell function. Fish oil supplementation to healthy volunteers decreased the expression of membranebound MHC II antigen-presenting molecules in peripheral blood monocytes. Furthermore, a role for PUFA in modulating antigen-presenting cell function is supported by the observation that the expression of adhesion molecules such as intercellular adhesion molecule 1 (ICAM1) is down-regulated by n-3 PUFA. Adhesion molecule expression enables the antigen bearing cells in circulation to reach lymphoid areas to present antigen to T lymphocytes and stimulate an immune response (Mills et al., 2005) .
Mucosal inflammation in IBD results from an inappropriate inflammatory response to microbiota in the intestine. TLR molecules are involved in the recognition of and the response to commensal microbiota or to pathogens, acting as pattern recognition receptors (Mills et al, 2005; Niess and Reinecker, 2006) . It has been shown that intestinal microbiota play an important role in human colitis; reduced levels of Bifidobacteria have been observed in patients with CD (Favier et al., 1997) . PUFA may affect the composition of the intestinal microbiota and thus alter the balance of inflammation in the intestine. It is suggested that dietary PUFA affect mucosal adhesion sites for gastrointestinal bacteria (e.g. Lactobacilli) (Kankaanpää et al., 2001 ) by altering the composition of the intestinal wall (Mills et al., 2005) . This implies that dietary PUFA could enhance the functions of probiotic bacteria in the gastrointestinal tract, e.g. by stimulating adhesion (Mills et al., 2005; Torres and Ríos, 2008) .
Immune responses in IBD patients are triggered by the presence of commensal intestinal bacteria (Ewaschuk and Dieleman, 2006) . Most animal models of IBD (such as IL10 gene-deficient mice and HLA-B27 transgenic rats) fail to develop chronic intestinal inflammation when raised in germ-free conditions (Taurog et al., 1994; Sellon et al., 1998) . Enterococcus faecalis is a commensal bacterium of the intestinal microbiota and has been used to induce colitis in IL10 gene-deficient mice, both as a single defined strain (Balish and Warner, 2002) and in a combined inoculum with complex intestinal flora . It would therefore seem that the balance between beneficial and aggressive intestinal bacteria is an important factor which can influence the transition from mucosal homeostasis to chronic inflammation (Ewaschuk and Dieleman, 2006) .
POLYUNSATURATED FATTY ACID REGULATION OF GENE EXPRESSION IN IBD
Long chain fatty acids have been known to contribute to enterocyte function and pathology (Heimerl et al., 2006) . In particular, long chain n-3 and n-6 PUFA are incorporated into biological membranes and regulate such processes as energy metabolism, eicosanoid production, signal transduction and regulation of gene expression (Mutch et al., 2005; Deckelbaum et al., 2006) . N-3 PUFA modulate the expression of genes that code for proteins involved in inflammation, lipid metabolism and energy utilization in several tissues and organs. They reduce inflammation and induce lipid oxidation for enhanced energy utilization (Deckelbaum et al., 2006) . Long chain PUFA modulate inflammatory processes by altering fatty acid metabolism in the intestinal epithelial cells (Belluzzi, 2002) . There are multiple mechanisms whereby long chain PUFA, especially n-3 PUFA, can affect transcription factor-dependent gene expression, the expression of nuclear hormone receptors and lipid second messengers. The latter activate other genes or other cellular events which affect gene expression, e.g. production of n-3 metabolites and subsequent gene expression (Deckelbaum et al., 2006) .
Fatty acid metabolism
It has been shown that the altered expression of genes involved in fatty acid metabolism in IBD may be a consequence of inflammation, but may also contribute to IBD pathophysiology. Genes involved in uptake and activation of fatty acids include fatty acid transport proteins (FATP, solute carrier family 27), fatty acid binding proteins (FABP) and long chain acyl-CoA synthases (ACSL) (Heimerl et al., 2006) .
The FATP transmembrane proteins in the intestinal membrane increase the uptake of long chain PUFA into cells and FATP gene expression levels directly correlate with long chain PUFA uptake. Six FATP proteins have been found in all fatty acid-metabolizing tissues of the human body (Stahl, 2004) . High expression levels of FATP2 and FATP4 transporter genes have been found in ileum and colon tissues of healthy patients. In the colon of CD and UC patients, FATP4 gene expression was down-regulated compared to control tissues (Heimerl et al, 2006) .
Other types of proteins (CD36 molecule, FABP and ACSL) can facilitate the uptake of PUFA. It is suggested that long chain PUFA either bind directly to FATP complexes, or bind first to CD36 which then releases the PUFA to FATP. Considerable amounts of CD36 mRNA were observed in healthy intestinal biopsies (Heimerl, 2006) . A study with CD36-deficient mice suggested only a minor role for CD36 in the lipid absorption in enterocytes (Goudriaan et al., 2002) .
The cytoplasmic protein FABP binds PUFA inside the cell for further fatty acid metabolism. Only three of the seven FABP members described to date (FABP1, FABP2 and FABP6) have major roles in the intestinal tissue. High mRNA levels have been detected in ileum (FABP1, FABP2 and FABP6) and colon (FABP1 and FABP2) biopsies. The expression of FABP2 and FABP6 genes was down-regulated in colon of UC patients (Heimerl et al., 2006) . FABP has also been considered as a plasma marker of intestinal injury in patients with UC, as the serum concentration of intestinal FABP was elevated in these patients and may indicate ileitis (WiercinskaDrapalo, 2008) .
For the next step in fatty acid metabolism, acetylation of long chain fatty acids by ACSL is required. ACSL are integral membrane proteins with active sites facing the cytosol. Five human ACSL genes and several isoforms have been identified (Heimerl et al., 2006; Soupene and Kuypers, 2008) . mRNA levels of ACSL1 and ACSL4 were found to be increased in ileum and colon of IBD patients. The ACSL1 and ACSL4 isoforms provide acyl-CoA for the synthesis of triacylglycerol and phospholipid; the latter of which might be incorporated into the intestinal membrane to maintain epithelial barrier function. Therefore, an up-regulation of some ACSL members by the fatty acids present in the enterocyte could support membrane integrity and decelerate the course of inflammation in IBD (Heimerl et al., 2006) .
Inside the cytoplasm, fatty acids can be elongated and desaturated by specific elongases and desaturases, ␤-oxidized in mitochondria or peroxisomes for energy production, -oxidized in microsomes, peroxidized, involved in membrane phospholipid or eicosanoid (PG, LT and TX) synthesis (Dulpus et al., 2000) . PUFA are able to down-regulate the expression of genes for enzymes involved in fatty acid synthesis, including acetylCoA carboxylase, fatty acid synthase and stearoylCoA desaturase (Salter and Tarling, 2007) .
Transcription factors
Dietary PUFA can also directly regulate gene expression by interaction with transcription factors to exert their effects on various metabolic states in health and disease (Salter and Tarling, 2007) . Transcription factors play an important role in IBD (Heimerl et al., 2006; Sanderson et al., 2008) , for example NFB in regulating production and activation of pro-inflammatory cytokines (Mitsuyama et al., 2001) . Nuclear receptors, a family of ligand-activated transcription factors, are most relevant in mediating the effect of nutrients and their metabolites on gene transcription (De Vogel-van den Bosch, 2008) and can directly or indirectly regulate genes of lipid metabolism and inflammatory signalling (Schmitz and Ecker, 2008) . Nuclear receptors that regulate PUFA-induced gene expression include peroxisome proliferatoractivated receptors (PPAR, NR1C), liver X receptor (LXR, NR1H), retinoid X receptor (RXR, NR2B), hepatocyte nuclear factor 4 (HNF4), farnesoid X receptor (FXR, NR1H) and pregnane X receptor (PXR, NR1I) (Heimerl et al., 2006; Salter and Tarling, 2007; Sanderson et al., 2008) . Transcriptional regulation by these nuclear receptors requires heterodimerization with RXR. Receptors that also mediate effects of dietary fatty acids on gene expression include the transcription factors SREBP1 and NFB (Sanderson et al., 2008) . The interaction of PUFA with all of these transcription factors in the regulation of fatty acid metabolism genes is still illdefined in vivo.
PPAR can be activated by a range of natural and synthetic compounds, including fibrates, xenobiotics, and both saturated and unsaturated fatty acids (Salter and Tarling, 2007) . PPAR isoforms, which belong to the steroid hormone nuclear receptor superfamily of ligand-activated transcription factors (which includes retinoic acid receptor (RAR), LXR and RXR), are particularly relevant to dietary fatty acid effects on gene expression. Three different isoforms of PPAR (PPAR␣ (NR1C1), PPAR␤ (also known as ␦) (NR1C2), and PPAR␥ (NR1C3)) have been characterized (Sampath and Ntambi, 2005; Bünger et al., 2007) .
N-3 and n-6 PUFA serve as endogenous ligands for all PPAR isoforms with varying affinity for the receptor subtypes (Salter and Tarling, 2007) . Furthermore, transactivation and competitive binding assays have revealed that PUFA metabolites, such as the naturally occurring eicosanoids, can also activate PPAR isoforms with greater affinity than their parent compounds (Sampath and Ntambi, 2005) . N-3 PUFA are more potent activators of PPAR␣ than n-6 PUFA. After activation by a ligand, PPAR dimerize with RXR and the PPAR/RXR heterodimer binds to DNA response elements, called the PPAR response element, in the promoter of target genes (Sampath and Ntambi, 2005; Salter and Tarling, 2007) .
PPAR␣ is the main PPAR isoform involved in regulation of genes of lipid and carbohydrate metabolism in hepatocytes (Sampath and Ntambi, 2005) . PPAR␣ has been shown to be highly expressed in the small intestine (Bünger et al., 2007) . PPAR␣ is also expressed in kidney, whereas PPAR␥ (subforms ␥1, ␥2 and ␥3 arising from alternative splicing of one gene) is mainly expressed in adipose tissue and macrophages (Salter and Tarling, 2007) . PPAR␤ is ubiquitously expressed (Salter and Tarling, 2007) . PPAR␣ is associated with transcriptional up-regulation of the expression of genes involved in fatty acid oxidation and lipoprotein metabolism, including acyl-CoA oxidase, FATP, carnitine palmitoyl transferase 1, lipoprotein lipase and apolipoproteins AI and CIII. PPAR␣ inhibits the expression of genes encoding for pro-inflammatory proteins, including vascular cell adhesion molecule 1 (a membrane protein that mediates leukocyte extravasion to sites of tissue inflammation (Wu, 2007) ) and interleukin 6, in the vascular endothelium (Salter and Tarling, 2007) . There is some evidence that PUFA inhibit lipogenic gene expression by repression of SREBP mRNA (Sampath and Ntambi, 2005) .
SREBP belong to the membrane-bound members of the basic helix-loop-helix leucine zipper family of transcription factors that were first characterized by binding to a sterol response element found on genes involved in cholesterolgenesis. Three isoforms of SREBP have been identified; SREBP1a and 1c, which regulate the expression of genes involved in fatty acid and cholesterol synthesis pathways, and SREBP2, which controls genes important for cholesterol homeostasis (Sampath and Ntambi, 2005; Salter and Tarling, 2007) . The inactive precursor form of SREBP is located in the endoplasmic reticulum, linked to SREBP cleavage-activating protein (SCAP). With low sterol concentrations in the cell, SCAP moves with the SREBP to the Golgi apparatus where the active mature form of SREBP is released. The mature SREBP migrates to the nucleus and can bind to the sterol response element in the promoter region of target genes involved in cholesterol, triglyceride and fatty acid synthesis. When cellular sterol concentrations are high, sterol interacts with the protein Insig, an endoplasmic reticulum anchor protein, on the SREBP-SCAP complex and SREBP maturation is inhibited. As a consequence the transcription of target genes involved in lipid and lipoprotein metabolism is down-regulated (Sampath and Ntambi, 2005; Salter and Tarling, 2007) . SREBP1 expression is mainly regulated at the level of gene transcription, whereas SREBP2 expression is mainly regulated at a posttranslational level, through modulation of cleavage of its membrane-bound precursor to release the active nuclear form (Salter and Tarling, 2007) . As reviewed by these authors, PUFA regulate SREBP expression partly through LXR. PUFA can inhibit the interaction of oxysterol ligands with LXR and thus inhibit activation of SREBP1c gene transcription by LXR. Another possible mechanism is the inhibition of LXR transcriptional activity by PUFA activation of PPAR. Increased competition between PPAR and LXR for the connection with its transcriptional partner RXR has been reported (Salter and Tarling, 2007) . The effect of dietary PUFA on cell lipid homeostasis is a result of complex, controlled interactions between SREBP, PPAR, LXR and RXR transcription factors (Sampath and Ntambi, 2005; Deckelbaum et al., 2006; Salter and Tarling, 2007 ). An overview of PUFA and its influence on transcription factors is presented in Figure 2 .
There is also evidence that n-3 PUFA affect HNF4␣ transcriptional activity and exert hypotriglyceridemic effects. The HNF4␣ gene is highly expressed in liver, but is also found in kidney, intestine and pancreas. This transcription factor is associated with the expression of genes involved in lipid and lipoprotein metabolism, such as apolipoproteins AII, AIV, CII and CIII, the microsomal triglyceride transfer protein, and cytochrome P450, family 7, subfamily A, polypeptide 1 (CYP7A1). HNF4␣ binds with high affinity to unsaturated longchain fatty acyl CoA which in turn inhibits HNF-4a transcriptional activity. HNF4␣ binds to direct repeat 1 response elements as a homodimer and can compete with PPAR/RXR heterodimers for DNA binding (Salter and Tarling, 2007) .
Another mechanism of PUFA-mediated gene expression is the regulation of the transcription factor NFB. NFB and Inhibitor B (IB) are colocated in the cytoplasm of cells as an inactive heterodimer. When IB is phosphorylated, NFB separates from IB and translocates to the nucleus to influence the transcription of a variety of proinflammatory genes, such as COX2 and IL6. AA stimulates NFB translocation and thus induces NFB target gene transcription, whereas EPA inhibits translocation by PPAR␣-mediated activation, resulting in inhibition of the transcription of NFB target genes (Sampath and Ntambi, 2005) .
A MOLECULAR APPROACH TO STUDY POLYUNSATURATED FATTY ACID-REGULATED GENES IN INTESTINAL INFLAMMATION
An approach to define the molecular mechanisms whereby dietary PUFA alter intestinal inflammation is to identify PUFA-regulated genes Ecker, 2008 and Dulpus et al., 2002). that are expressed at the onset of intestinal inflammation.
Methods for gene expression analysis that require the pre-selection of single genes, such as Northern blotting and quantitative PCR, are biased. These methods have been and are still useful, but they miss important effects on biological processes, such as metabolic and signalling pathways and transcriptional networks across several pathways (Subramanian et al., 2005) . DNA and oligonucleotide microarray technologies enable the analysis of genome-wide expression patterns (e.g. for particular diseases or physiological states) of organisms with a sequenced genome, allowing investigators to establish gene networks and identify new genes involved in the investigated trait. Gene expression profiling, or transcriptomics, is widely used in both biomedical (Subramanian et al., 2005) and nutrition (Müller and Kersten, 2003) research to characterize molecular-pathway and network data in a variety of tissues in laboratory animals (Langmann et al., 2004; Rivera et al., 2006; Dommels et al., 2007) and in response to dietary treatments to predict a phenotypic outcome (De Vogel-van den Bosch et al., 2008; Nones et al., 2008; Sanderson et al., 2008) .
However, extracting the biological significance of a large amount of gene data is still a challenge. Information about genes is organized in ontologies, such as Gene Ontology (Prüfer et al., 2007) . There are several tools for gene ontology enrichment analysis (Ingenuity pathway analysis or IPA, FUNC and many others) available to help interpret the extensive gene lists generated using transcriptomics.
IPA software has a manually created knowledge base and combines gene ontology enrichment with pathway enrichment analysis, network construction and comparison analysis. The biological interaction networks in IPA identify nodes (hub genes) that are central in connections between the differentially expressed genes. FUNC is also a useful tool to analyze large-scale gene expression data in the context of functional annotations (Prüfer et al., 2007) . The disadvantage of the FUNC approach compared to that of IPA is that it does not incorporate a function or pathway analysis and lacks a disease focus.
Hub genes are validated by quantitative realtime PCR to confirm their expression as seen in microarrays. More importantly, their function and possible target genes can be further investigated through cell-based transactivation assays.
Animal models of IBD
Several in vitro studies have been carried out to investigate the effect of essential fatty acids on various cell cultures (Grammatikos et al., 1994) . The current in vitro models are useful for screening food components, but they are unable to mimic the complexity of the intestinal tract. Thus in vivo models of IBD are important for unravelling the complex interactions between food, intestinal bacteria and intestinal cells and thus elucidating the mechanisms of initiation and progression of intestinal inflammation.
Many different animal models to study intestinal inflammation are available, including gene knockout or defect, transgenic, spontaneous colitis, inducible colitis and adoptive transfer models (Jurjus et al., 2004) . These animal models display some of the key characteristics of intestinal inflammation (such as morphological changes, inflammation status and onset and progression of disease pathophysiology) and have a well-defined genetic background and immune system.
The animal models that have been widely used, and which will be covered in this review, are inducible colitis (chemicals, pathogenic bacteria) and genetic rodent models. Chemicals that are used to induce acute intestinal colitis include dextran sodium sulphate (DSS) and 2,4,6-trinitrobenzene sulfonic acid (TNBS) (Jurjus et al., 2004) . Two examples of pathogenic bacteria that can induce intestinal lesions are enteroinvasive Escherichia coli or Salmonella typhimurium (Gill et al., 2001) . The parameters commonly monitored in chemically-and pathogenic bacteria-induced colitis models are histological lesions and biochemical parameters such as myeloperoxidase activity, glutathione concentration and cytokine profiles.
Genetic mouse models with certain gene mutations and deficiencies such as the interleukin 10 gene deficient (IL10 -/-) mouse (Kühn et al., 1993; Roy et al., 2007) and the multidrug resistance gene deficient (mdr1a -/-) mouse show chronic and spontaneous intestinal inflammation. Some of these models which are commercially available have a single gene defect to induce a human IBD-like colitis. IL10 is an antiinflammatory cytokine and an IL10 gene defect causes an imbalance in the inflammatory responses. It has been reported that IL10 -/-mice (C57BL/6J/129-Ola background) develop a Crohn's disease-like colitis by 12 weeks of age when raised under conventional conditions (Berget et al., 1996) . The level of inflammation seen in IL10 -/-mice varies depending on the genetic background; intestinal lesions are least severe in the C57BL/6J strain (Berg et al., 1996) . Thus, to induce a more consistent intestinal inflammation, IL10 -/-mice can be inoculated with Enterococcus faecalis (Balish and Warner, 2002) or pure Enterococcus isolates (E. faecalis and E. faecium) combined with a mixed "complex intestinal flora" derived from healthy C57BL/6J mice raised under conventional conditions . The exact mechanism of IBD pathogenesis, both in animal models and in humans, is still unclear. An inappropriate T helper 1 (Th1) response to antigens of the normal intestinal flora has been suggested due to the lack of IL10 that normally down-regulates such T cell reactivity (Kühn et al., 1993; Berg et al., 1996) .
Despite the IBD-like symptoms that develop in IL10 -/-mice, IL10 gene variants have not consistently been found in IBD patients, whereas variants of the IL23 receptor have been, e.g., in the New Zealand population (Roberts et al., 2007) . IL23 has been shown to regulate T cell-mediated colitis in the IL10 -/-mice (Yen et al., 2006) . The most common human IBD susceptibility gene is NOD2 (Ferguson et al., 2007, Torres and Ríos, 2008) , and one common variant in this gene is a C insertion at position 3020, which leads to a truncated gene product (NOD2⌬33). The NOD2⌬33 mouse develops colon inflammation and ulceration in response to microbial invasion (Maeda et al, 2005) , because of a failure to differentiate between existing intestinal flora and invading bacteria.
Inflammatory lesions and mediator production
In this section, results from studies using animal models of IBD fed diets supplemented with PUFA are discussed, with particular emphasis on inflammatory lesion development as evaluated by histology, immunohistochemistry, lipid and protein mediator profiles and changes in intestinal gene expression.
Reviews of studies using dietary long chain PUFA (as fish oil) in IBD patients (Belluzzi, 2002; Calder, 2008) have concluded some benefits of fish oil including improvement of clinical score and gut mucosal histology and decreased relapse. Despite these beneficial effects of fish oil, there are also studies that report no effect on disease activity, higher rate of relapse or no effect on relapse with fish oil (Calder, 2008) . Overall evidence of clinical benefits of n-3 PUFA in IBD is rather weak.
Only a few animal (Hansen Petrik et al., 2000) and human (Shimizu et al., 2003) studies have investigated the effects of purified PUFA in intestinal inflammation. The study of Hansen Petrik et al., (2000) evaluated the effect of purified AA and EPA ethyl ester alone and in combination on colorectal cancer using the Apc Min/+ mouse model. EPA could reduce the number and size of tumors associated with decreased tissue AA and prostaglandin levels, whereas AA supplementation to the EPA diet reduced anti-tumorigenic effect of EPA. The study of Shimizu et al., (2003) investigated the impact of highly purified EPA ethyl ester given daily for 2 months to children with UC in relapse. LTB 4 production from leukocytes and colon mucosa after 2 month of treatment was lower than before treatment. However, there was no control group without, so it is difficult to associate the absence of relapses for the study period with the EPA ethyl ester administration.
The animal studies summarized here mainly involve chemically-induced colitis models. The effects of dietary PUFA supplementation on disease severity are related to the production of proinflammatory eicosanoids. Four studies have found decreased colon or ileum damage and inflammation compared to n-6 PUFA diet in a rat model of chemically-induced colitis (Vilaseca et al., 1990; Empey et al., 1991; Yuceyar et al., 1999; Nieto et al., 2002) . Vilaseca et al., (1990) compared the effects of dietary supplementation with either sunflower (n-6) or cod liver (n-3) oil on the development of chronic granulomatous lesions in the colon of a TNBS rat model. Luminal eicosanoid levels increased after TNBS challenge in both groups. The eicosanoids PGE 2 and LTB 4 production declined after a few days, whereas the eicosanoid TXB 2 continued to rise in the n-6 diet group. In the n-3 group the colon lesions were markedly reduced after 30 days and inflammation, as well as ulceration, were almost absent by 50 days. The study concluded that the fish oil diet prevented the TXB 2 increase in the chronic stage of inflammation. Further evidence for protective effects of a fish oil (EPA)-enriched diet is shown by histological improvements in colon and ileum mucosa of rats challenged with 4% acetic acid to induce colitis (Empey et al., 1991) .
The therapeutic effects of n-3 PUFA on TNBSinduced colitis was also investigated in a rat model of CD (Shoda et al., 1995) . The rats were fed a diet enriched with 2% n-3 PUFA-rich perilla oil and compared to a diet enriched with 2% n-6 PUFA-rich safflower oil. In rats from the n-3 PUFA group, plasma LTB 4 concentrations and colon damage were reduced compared to those in the n-6 PUFA group. This study also suggested that supplementation with 2% n-3 PUFA ␣-linolenic acid, the precursor of EPA and DHA, may be more therapeutically efficient in controlling intestinal inflammation in experimental CD than either EPA or DHA.
In a TNBS-induced rat colitis model, the protective role of fish oil (n-3 PUFA) (both as an enriched diet, or administered intrarectally) was investigated (Yuceyar et al., 1999) . The n-3 PUFA enriched diet showed a protective effect by decreasing production of LTB 4 and LTC 4 , and by decreasing activity of the myeloperoxidase, an enzyme which is stored in granules of polymorphonuclear neutrophils and macrophages and released into extracellular fluid in the setting of inflammatory processes. In a study by Campos et al., (2002) , parenteral lipid emulsions enriched with n-3 PUFA reduced diarrhea, attenuated morphological changes and decreased colon concentrations of inflammatory mediators in a rat model of acetic acid-induced colitis. Nieto et al., (2002) studied biochemical and histological alterations in rats with TNBS-induced ulcerative colitis fed with mono-and/or polyunsaturated fatty acids (enriched with n-3 and n-6 PUFA). The fish oil group showed less colon damage, lower alkaline phosphatase and myeloperoxidase activities and PGE 2 levels compared to the olive oil group.
Another two studies have investigated the effect of n-3 PUFA diets on pro-inflammatory cytokine production (Andoh et al., 2003; Whiting et al., 2005) . In the former, the effects of n-3 and n-6 PUFA-rich diets (fed for 12 days prior to the induction of enteritis by TNBS) on intestinal inflammation and modulation of early responses were evaluated in rats. Mucosal changes were more severe and serum IL6 levels higher in rats fed the n-6 PUFA diet compared with those in the n-3 PUFA group, suggesting a possible suppression of mucosal inflammation by blockage of mucosal IL6 secretion, but no difference was seen in the TNF␣ levels between the diet groups. In the latter study (which used Severe Combined Immunodeficiency (SCID) mice fed n-3-enriched or control diet before colitis induction by transplantation of CD45RB high T cells), the transplanted n-3 PUFA fed animals showed reduced clinical colitis and colon immunopathology associated with decreasing proinflammatory cytokine synthesis (TNF␣, IL12, IL1␤). There was also reduced myeloid cell recruitment and activation, enhanced epithelial barrier function (epithelial ZO-1 protein, mucosal type I collagen) and induction of the mucosal wound healing mechanism (Whiting et al., 2005) .
As is the case in human clinical trials, there are also conflicting results from studies with fish oil or PUFA-enriched diets using animal models of IBD. Models of chemically-induced acute colitis have primarily been used in these studies and have generally shown anti-inflammatory effects of fish oil (Hegazi et al., 2006) . However, preliminary data in a DSS-induced mouse model of colitis (Ramakers et al., 2008) have shown that an AA-enriched (ethyl ester oil) diet increased colon AA content, but did not result in more colon inflammation compared with the fish oil (EPA/DHA) and oleic acid (sunflower seed oil) diet groups. The AA-enriched diet even exerted protective effects in colitis (reduced weight loss and diarrhea scores) than observed in the other two groups.
There are also conflicting data from studies using genetic models such as the IL10 -/-mouse. IL10 -/-mice represent a model for Th1-mediated IBD that spontaneously develop colitis (Kühn et al., 1993) . One study with IL10 -/-mice found that fish oil (n-3 PUFA-enriched) reduced colon inflammation compared to n-6 PUFA-rich corn oil (Chapkin et al., 2007) . Another study reporting the effects of fish oil (n-3 PUFA) and olive oil (n-9 monounsaturated fatty acids) compared with control corn oil (n-6 PUFA) on the severity of chronic colitis in IL10 -/-mice studied COX2 expression as a possible mediator of the immunomodulatory effects of dietary fatty acids on chronic colitis (Hegazi et al., 2006) . The fish oil diet, however, increased chronic colitis in the colon, and had inhibitory effects on intestinal COX2 expression. Inhibition of COX2 expression results in decreased production of anti-inflammatory eicosanoids, e.g. PGE 2 .
The pathogenesis of chemically induced colitis may be different compared to genetically induced colitis. Furthermore, the development of colitis in IL10 -/-mice is in some studies dependent on the presence of commensal luminal bacteria. In particular, inoculation with pure isolates of Enterococcus species, either in isolation (Balish and Warner, 2002) , or combined with a mixed "complex intestinal flora" derived from healthy control mice appears to play a critical role in establishing consistent inflammation in the intestinal mucosa. It may be that some of the conflicting data in genetic mouse models could be due to variations in bacterial colonization of the gastrointestinal tract. Additional studies are therefore warranted to investigate the mechanisms of PUFA on intestinal bacteria, e.g. PUFA can affect mucosal adhesion sites for intestinal bacteria, and better characterize the role of bacteria in inflammation using genetic animal models of colitis. The findings from previous rodent studies examining the effectiveness of n-3 and n-6 PUFA are inconsistent or conflicting. The discrepancy may be caused by confounding factors of the diet or PUFA supplements. Variation can arise from the study design, diets and feeding procedures, including impurity or unwanted oil components, flavour, sensitivity to oxidation, diet storage, duration of diet change etc., which can affect the n-6/n-3 fatty acid ratio (Hudert et al., 2006) . Furthermore, because of the disparity in results from both chemically induced and genetic models of colitis, it is clear that further studies are necessary to elucidate differential effects of fatty acids on the time-course of colitis development.
Intestinal gene expression
Molecular targets for the protective actions of n-3 and/or n-6 PUFA on experimental IBD models are yet to be elucidated. Only a few studies have investigated intestinal gene expression changes after PUFA supplementation in animal models of IBD using single gene approaches. Studies of the molecular mechanism underlying the PUFA effect from human studies are also lacking. Caplan et al., (2001) found a reduction of necrotizing enterocolitis and intestinal inflammation in a neonatal rat model stressed with asphyxia (increases susceptibility to necrotizing enterocolitis) and fed with PUFA formula containing AA and DHA. This study also revealed that PUFA reduced the intestinal mRNA expression of the platelet activating factor (PAF)-synthesizing enzyme PLA2 and the PAF receptor, a marker of intestinal inflammation. In similar studies, PUFA supplementation reduced the incidence of necrotizing enterocolitis and also inhibited intestinal PAF receptor and TLR4 gene expression compared with the controls in a rat model. The rats were fed AA/DHA, egg phospholipids or DHA only. All PUFA supplementations downregulated PAF receptor expression in ileum and colon, suggesting an interaction between the PAF receptor and TLR signalling as a possible mechanism for the protective effect of PUFA on intestinal injury (Lu et al., 2007) .
The effect of conjugated linoleic acid (CLA) and n-3 PUFA alone and in combination to prevent or ameliorate IBD in a pig model of DSS-induced colitis has been evaluated (Bassaganya-Riera and Hontecillas, 2006) . Feeding CLA to the pigs delayed the onset of IBD, with less severe colitis and attenuated growth suppression which correlated with induction of colon PPAR␥, over-expression of PPAR␥-coactivator-1␣ and down-regulation of TNF␣. n-3 PUFA supplementation alone or in a mixture with CLA resulted in an early disease onset because of a marked induction of the PPAR␦-response gene uncoupling protein 3. CLA and n-3 PUFA synergistically up-regulated colon keratinocyte growth factor expression but n-3 PUFA blocked CLAinduced PPAR␥ activation. In this pig study n-3 PUFA failed to protect from IBD but accelerated colon regeneration and clinical remission by activating PPAR␦.
Another group has studied n-3 PUFA-derived lipid mediators in the fat-1 transgenic mouse with DSS-induced colitis (Hudert et al., 2006) . These mice express the Caenorhabditis elegans fat-1 gene encoding an n-3 fatty acid desaturase and thus are able to produce n-3 PUFA from n-6 PUFA. These mice had lower colon inflammation than wildtype mice, and this was associated with changes in n-3-derived anti-inflammatory mediators and a decrease in expression of genes involved in colon inflammation (NFB, TNF␣, inducible NO synthase and IL1␤). Increased mRNA levels for genes important to membrane integrity, such as trefoil factor 3, the intercellular tight junction protein zonula occludens 1 and Toll-interacting protein (an inhibitor of the Toll-like receptor pathway mediating inflammatory response) were also observed.
CONCLUSIONS AND FUTURE PERSPECTIVES
This review describes the complex interactions between dietary PUFA, inflammatory and immune responses and regulation of gene expression in order to provide an overview of the multi-factorial aetiology of IBD.
Many studies have focused on the antiinflammatory effects of n-3 PUFA as indicated by reports of histological assessments, circulating PUFA concentrations or ex vivo production of inflammatory mediators. A range of animal models of acute chemically-induced colitis show primarily antiinflammatory effects of fish oil rich in n-3 PUFA. The increased colitis associated with dietary fish oil suggests that the pathogenesis of spontaneous colitis may be different to chemically-induced colitis. Most of the animal studies reviewed here provided higher fat diets (10% or more) compared to a normal laboratory rodent diet with 5% fat, and the use of fish oil means there was a mixture of various fatty acids present in these diets. Thus, any observed anti-inflammatory or immunomodulatory effects have been assigned to a fatty acid mix rather than pure PUFA.
Few animal studies of IBD have applied genome-wide expression profiling to define the molecular mechanisms underlying the diseasephenotype when PUFA diets are fed. Genome-wide studies use modern technologies and knowledge derived from the human genome project to provide a more comprehensive understanding of the multiple pathways by which PUFA can regulate transcriptional and metabolic processes.
A large part of the evidence regarding antiinflammatory and immunomodulatory effects of PUFA has arisen from cell culture studies where single fatty acids have been added. In order to define effects of dietary PUFA on IBD, animal model systems with diets of well defined fatty acid composition and purity would be advantageous. These studies should incorporate the "omics" tools (transcriptomics, proteomics, metabolomics) available to nutrition research. Translating these complex results represents a major challenge for nutrigenomics research. The genome-wide approach generates a huge amount of data with the potential to explore the biological importance of genes even beyond statistical significance. Once hub genes that are differentially expressed in response to PUFA have been identified by transcriptome analyses, other techniques (including chromatin immunoprecipitation and transactivation assays) can be applied in order to define direct targets of the PUFA-responding central genes.
